A method is derived to predict the structure of dijet-related hard components of trigger-associated (TA) hadron correlations from p-p collisions based on measured fragmentation functions (FFs) from e + -e − or p-p collisions and a minimum-bias (MB) jet or scattered-parton spectrum from p-p collisions. The method is based on the probability chain rule and Bayes' theorem and relates a trigger-parton-associated-fragment system from reconstructed dijets to a trigger-hadron-associated hadron system from p-p data. The method is tested in this study by comparisons of FF TA structure with preliminary p-p TA data but can also be applied to p-A, d-A and A-A collisions over a range of energies. Quantitative comparisons of measured TA correlations with FF-derived predictions may confirm a QCD MB dijet mechanism for certain spectrum and correlation structures whose origins are currently questioned and have been attributed by some to collective expansion (flows).
I. INTRODUCTION
The role of QCD jets in high-energy nuclear collisions is currently strongly debated. In a high-energy physics (HEP) context dijet production has been long accepted as an important mechanism for hadron formation by parton fragmentation [1] [2] [3] . Projectile-nucleon fragmentation (dissociation) is the other principal hadron production mechanism in elementary p-p collisions [4] . But in a heavy-ion context "freezeout" from a flowing bulk medium is assumed to be the nearly-exclusive hadron formation mechanism [5] . Recent experimental results are interpreted to suggest that bulk-medium collectivity may even play a role in small p-p, p-A and d-A systems [6] . In effect, previously-accepted contributions from minimumbias (MB) dijets to high-energy nuclear collisions are displaced by the claimed presence of strong collective motion (flows) in a thermalized bulk medium or quark-gluon plasma to explain spectrum and correlation structure, in small as well as large collision systems.
Claims of a flowing bulk medium, quark-gluon plasma (QGP) or "perfect liquid" [7, 8] are based in part on the a priori assumption that all hadrons with transverse momentum p t < 2 GeV/c emerge from a thermalized bulk medium [9] , an interval that includes almost all final-state hadrons and more than 90% of minimum-bias (MB) jet fragments, consistent with direct jet measurements and QCD predictions [10] [11] [12] [13] . Differential analysis of spectra and correlations in the same systems appears to confirm a dominant role for dijet production [11, [13] [14] [15] [16] [17] [18] . Resolution of the apparent contradiction requires establishment of a more comprehensive description of dijet manifestations in elementary p-p collisions that applies to all jet phenomenology (yields, spectra and correlations) over the complete hadron fragment momentum space down to the kinematic energy and momentum limits where most jet fragments should appear.
In previous studies a jet-related hard component was isolated from the p t spectrum of 200 GeV p-p collisions by means of its charge multiplicity n ch dependence, leading to a two-component (soft+hard) spectrum model (TCM) [16] . A similar differential analysis of Au-Au spectra revealed that the spectrum hard component persists for all centralities, although the form changes quantitatively in more-central collisions [11] . The spectrum hard components for p-p and Au-Au have been described quantitatively by a pQCD calculation [13] based on a MB parton spectrum [19] and measured parton fragmentation functions (FFs) [10] . Those results strongly suggest that (a) the spectrum and angular-correlation hard components in p-p collisions and Au-Au collisions for all centralities are jet related [11, 13] , (b) one third of finalstate hadrons in 200 GeV central Au-Au collisions are included within intact MB jets (minijets) [12, 14] and (c) dijet production in p-p collisions increases as n 2 ch , a trend inconsistent with the eikonal approximation [16, 20] .
The present study extends that program by introducing a method to predict two-dimensional (2D) triggerassociated (TA) hadron correlations arising from dijets produced in high-energy p-p collisions based on measured FFs and a large-angle-scattered parton spectrum. Comparisons with measured TA correlations may establish the kinematic lower limits on dijet energy and fragment momentum. Identification of unique dijet contributions to TA correlations in p-p collisions may then test claims of novel nonjet physics (bulk collectivity) in p-A, d-A and heavy ion (A-A) collisions at the Relativistic Heavy-Ion Collider (RHIC) and the Large Hadron Collider (LHC).
The 1D p t spectrum TCM describes a marginal projection of 2D TA correlations formed by pairing the highestmomentum hadron in each event (trigger particle) with any other hadron (associated particle) [21] . Some fraction of those pairs (the TA hard component, possibly jet related) can be isolated by subtracting a TA TCM softcomponent model [21] . The purpose of the present study is prediction of the 2D TA hard component obtained from p-p data using measured FFs and a MB jet spectrum to confirm a dijet mechanism for the hard component. The method consists in relating the QCD parton-fragment system to the hadronic trigger-associated system via the arXiv:1407.6422v1 [hep-ph] 24 Jul 2014 probability chain rule and Bayes' theorem.
This article is arranged as follows: Section II presents analysis methods. Section III describes a two-component model for yields and momentum/rapidity spectra from 200 GeV p-p collisions. Section IV presents a TCM for p-p TA correlations. Section V describes a partition of parton fragmentation functions into trigger and associated components. Section VI derives a QCD trigger spectrum from FFs. Section VII presents a QCD prediction for 2D TA correlation hard components. Section VIII compares QCD TA predictions derived from FFs to preliminary TA data from 200 GeV p-p collisions. Section IX discusses systematic uncertainties. Sections X and XI present discussion and summary.
II. ANALYSIS METHODS
A TCM for single-particle spectra and symmetrized two-particle correlations was applied previously to p-p and Au-Au collisions at the RHIC. The methods and results are described in Refs. [11, [14] [15] [16] [17] [18] [22] [23] [24] [25] [26] . In the present study we extend those techniques to relate scattered-parton FFs and a MB jet spectrum to hadron TA correlations from p-p collisions. We introduce the concept of conditional (asymmetric) TA correlations, based on a trigger hadron as the highest-momentum hadron in a dijet or p-p collision event, as the principal focus of study. We combine measured jet (scatteredparton) spectra from p-p collisions with parton fragmentation functions from p-p and e + -e − collisions to generate QCD predictions for TA correlations. To establish a quantitative relation we start with the concept of a joint three-particle distribution on the parent parton energy and its trigger and associated fragment momenta. From projections onto various subspaces we derive a method to predict p-p TA correlations from jet spectra and FFs.
A. Kinematic variables and spaces
High-energy nuclear collisions are described efficiently near mid-rapidity by a cylindrical coordinate system (p t , η, φ), where p t is transverse momentum, φ is the azimuth angle from some reference direction and pseudorapidity η = − ln[tan(θ/2)] ≈ cos(θ) is a measure of the polar angle, the approximation valid near η = 0. A finite detector angular acceptance is denoted by intervals (∆η, ∆φ) in the primary single-particle space (η, φ).
Although scalar momenta are directly measured by particle detectors, in this study we prefer to use alternative rapidity measures. To provide better visual access to low-momentum structure and to simplify the description of jet-related spectrum hard components and fragmentation functions (FFs) (both defined below) we present single-particle (SP) spectra and FFs in terms of three rapidity variables. Transverse rapidity y t = ln[(m t + p t )/m h ] with transverse mass m t = p 2 t + m 2 h and m h = m π assumed for unidentified hadrons visualizes spectrum structure equally well at small or large y t . Trigger and associated hadrons may be described in the p-p collision system in terms of y t or in the FF system in terms of y, in either case with corresponding subscripts: y assoc or y trig for FFs and y ta or y tt for p-p collisions.
B. Probability chain rule
This study relies on manipulation of compound probabilities via the chain rule. For a joint distribution on two variables the chain rule is P (A ∩ B) = P (B|A)P (A) = P (A|B)P (B), where for example P (B|A) denotes the conditional probability of B given A. Bayes' theorem P (B|A) = P (A|B)P (B)/P (A) is a simple consequence. If B is independent of A the chain rule leads to factorization of P (A ∩ B). For arbitrary joint distribution f (x, y) with marginal projections (integrals over y or x) f (x) or f (y) the chain rule is f (x, y) =f (x|y)f (y) defining the unit-normal (on x) conditional distributionf (x|y), a caret signifying a unit-normal distribution. If f (y) is also unit normal one has the equivalent of a joint probability system as described above. Generally, a joint distribution may be factorized as f (x, y) = g(x|y)h(y), and g(x|y) may not be unit normal on x.
C. Joint, conditional and marginal distributions
In this study we consider relationships among joint and conditional two-particle distributions on rapidity variables for several particle types denoted by p (partons), u (unidentified hadrons), t or trig (trigger hadrons) and a or assoc (associated [with a trigger] hadrons). Symbol u for unidentified hadrons avoids confusion with h representing distribution hard components (defined below). Joint distributions are represented by F αβ (x, y) with subscripts α, β indicating two particle types. D α (x|y) represents a distribution on x conditional on y, F α (x) is a marginal 1D projection onto x, S α (y) denotes a particle spectrum andŜ α (y) denotes a unit-normal spectrum.
An ensemble of FFs denoted by D u (y|y max ) and conditional on parton rapidity y max can be combined with a unit-normal parton spectrumŜ p (y max ) to form joint distribution F up (y, y max ) = D u (y|y max )Ŝ p (y max ). Its marginal projections are the mean dijet fragment distribution D u (y) and the spectrum-weighted dijet multiplicity distribution 2n ch,j (y max )Ŝ p (y max ). Integration of either marginal projection gives ensemble-mean dijet fragment number 2n ch,j (within 4π angular acceptance). Other joint distributions include trigger-fragment-parton distribution F tp , whose marginals are trigger-fragment and parton spectra, associated-fragment-parton distri-bution F ap and associated-trigger two-fragment distribution F at . A principal goal of this study is establishment of a quantitative relation between measured F at (y ta , y tt ) obtained from 200 GeV p-p collisions and F up (y, y max ) derived from measured jet spectra from p-p and p-p collisions and FFs from e + -e − and p-p collisions.
D. Conditional trigger-associated correlations
Symmetrized two-particle correlations on transverse mass m t × m t [27] and on transverse rapidity y t × y t [17, 28] or angle differences (η ∆ , φ ∆ ) [14, 15, 17, 18, 22] have been studied extensively and are well-described by a TCM consistent with the SP spectrum TCM and with expectations for jet-related angular correlations. Conditional (asymmetric) TA correlations on (y t,assoc , y t,trig ) or (y ta , y tt ) (with y ta < y tt ) are related to, but not equivalent to, symmetrized correlations on y t × y t . Asymmetric TA correlations retain additional correlation information, and the TA hard component is directly comparable to measured FFs and pQCD parton (jet) spectrum predictions as described in this study.
One-dimensional trigger spectra and 2D TA correlations are formed as follows: p-p events in a given n ch class are sorted into trigger classes (y tt bins) based on the highest y t in each event (trigger particle). The trigger hadron from each event is assumed (with some probability) to be the proxy for a scattered parton. The distribution of trigger particles (events) on y tt is the trigger spectrum. Spectra for n ch − 1 associated hadrons (some may be jet fragments) distributed on y ta are accumulated for each event in trigger class y tt with trigger particles excluded (no self pairs). The resulting 2D TA distribution F at (y ta , y tt , n ch ) can be factored according to the chain rule into a unit-normal trigger spectrumT (y tt , n ch ) (comparable to a pQCD parton spectrum) and a 2D ensemble of conditional distributions A(y ta |y tt , n ch ): associatedhadron spectra conditional on specific trigger y tt values (comparable to an ensemble of fragmentation functions conditional on parton rapidity y max ). All nontrivial combinatoric pairs from all events in a given n ch class are retained-no particles or pairs are excluded by p t cuts.
E. Modeling the TA hard component with FFs
A 2D TCM for p-p TA correlations F at can be constructed from the 1D SP spectrum TCM [21] . From the TA TCM we obtain 1D and 2D soft-component models that can be subtracted from measured distributionsT and A to obtain jet-related trigger hard componentT hh and TA conditional hard component R h A hh (y ta |y tt , n ch ). To provide a basis for direct comparison of measured FFs with TA hard components inferred from p-p collisions we decompose FFs into trigger and associated components by means of void probabilities (defined below). The trigger and associated FF componentsŜ t (y trig |y max ) and D a (y assoc |y max ) are then combined to predict measured triggerT hh (y tt ) and conditional TA A hh (y ta |y tt ) hard components, the main goal of this study.
III. p-p TWO-COMPONENT MODEL
We want to describe all aspects of minimum-bias jet contributions to p-p spectra and correlations, the fragments from all dijets produced in p-p collisions appearing within some detector acceptance. Here we define a TCM for yields and 1D SP spectra. In Sec. IV we derive the corresponding TCM for 2D TA correlations [21] . In Sec. VII we derive a corresponding TA model or prediction from parametrizations of measured FFs and from measured jet spectra. By combining those results we establish a quantitative correspondence between event-wise reconstructed dijets and jet-related fragments as they appear in p-p spectra and correlations with various conditions imposed.
A. Soft and hard events and yield n ch components p-p collisions can be separated into soft and hard event types. Hard events include at least one minimum-bias dijet within the angular acceptance and therefore both soft and hard spectrum and correlation components. Soft events include no jet structure within the acceptance and therefore only soft components. Soft and hard event types are distinguished from soft and hard components of ensemble-averaged (MB) yields, spectra and correlations. Events are separated into several multiplicity classes. For the purpose of illustration and to compare with preliminary data analysis we define seven classes indexed by n ∈ [1, 7] as n ch /∆η = 1.7, 3.4, 5.5, 7.6, 10.0, 13.7, 18.8.
Dijet production in p-p collisions scales approximately as n 2 ch [16] and is more directly related to the multiplicity soft component n s (defined below). For a given n s the dijet number within some η acceptance ∆η is n j (n s ) = ∆η f (n s ), with dijet frequency f (n s ) per unit η scaled from non-single-diffractive (NSD) p-p collisions. The n j (n s ) trend is described in Sec. III C. The Poisson probabilities for soft and hard events are then respectively P s (n s ) = exp(−n j ) and P h (n s ) = 1 − P s (n s ).
The yields n x and n xy defined below correspond to spectrum integrals within some angular acceptance (2π, ∆η). We then define 1D angular densities ρ x = n x /∆η. For each multiplicity class defined by some n ch interval we have n s + n h = n ch averaged over all events. For soft events n ss = n ch and for hard events n hs + n hh = n ch . We then obtain the relations n ch = n s + n h = P s n ss + P h (n hs + n hh )
(1) n s = P s n ch + P h n hs and n h = P h n hh .
The relation between hard components n h and n hh and dijet production is further described in Sec. III C. Figure 1 (left) shows the variation of soft and hard event-type probabilities P x with event multiplicity n ch for acceptance ∆η = 2. The mean number n j of dijets per event within some acceptance ∆η follows P h for smaller multiplicities but exceeds that quantity for larger multiplicities. Figure 1 (right) shows ratio n j /P h vs n ch representing the mean number of dijets per hard event for two acceptances. For convenience in this study we also define the dijet excess per hard event ∆n j = n j /P h − 1.
This treatment assumes that n ch is the total number of charged hadrons appearing in angular acceptance (2π, ∆η) integrated over all y t . If the y t acceptance has a nonzero lower limit (detector acceptance) the affected quantities in the reduced acceptance areñ ch ,ñ s ,ñ ss and n hs withñ ch =ñ s +n h =ñ ss =ñ hs +n hh . The spectrum hard components are assumed to be fully included within typical detector y t acceptances. To simplify notation in what follows we introduce tildes explicitly only at points where the effect of partial y t acceptance is relevant.
B. p-p single-particle spectra Single-particle spectra from 200 GeV p-p collisions plotted on y t for several charge multiplicity n ch classes (within some acceptance ∆η) reveal a composite spectrum structure represented by two fixed functional forms [unit-integral soft and hard componentsŜ 0 (y t ) and H 0 (y t )] with amplitudes scaling approximately as n ch and n 2 ch [16] . The TCM for SP y t spectra from p-p collisions is then described by
where ρ s = n s /∆η and ρ h = n h /∆η are soft and hard angular densities, and ρ 0 (n ch ) = n ch /∆η is the corresponding total charge density. Soft componentŜ 0 (y t ) of the SP TCM is defined as the limiting form as ρ s → 0 of spectra normalized as ρ/ρ s . Hard componentĤ 0 (y t ) models data hard components H(y t , n ch )/ρ s obtained by subtracting modelŜ 0 (y t ) from those normalized spectra. Based on comparisons with theoretical models the soft component is interpreted to represent longitudinal projectile-nucleon fragmentation (dissociation) while the hard component represents transverse-scattered-parton fragmentation [11] . The hard component of 1D SP spectra interpreted as a manifestation of MB dijet structure is consistent with jet-related two-particle correlations and in quantitative agreement with pQCD predictions [11] [12] [13] 16] . The p-p SP spectrum TCM serves in turn as the basis of a 2D TCM for p-p TA correlations.
SP spectra can also be expressed in terms of soft and hard event types
In this analysis we compare fragment distributions derived from FFs defined on total momentum p or total rapidity y with a TCM based on p-p spectra defined on transverse momentum p t or transverse rapidity y t . Spectra are defined as dn ch /y t dy t whereas fragmentation functions are defined as 2dn ch,j /dy. The spectrum hard component in the form y t H(y t ) is compared with a fragment distribution D u (y) derived from FFs as in Ref. [13] .
C. p-p minimum-bias dijet production Equation (2) integrated over some angular acceptance (2π, ∆η) becomes
with F (y t , n ch ) ≡ n chF (y t , n ch ) = ∆ηS +∆ηH. For hard events F h = F hs + F hh , and corresponding n hs and n hh from Eq. (1) are the integrals over y t . The multiplicity trend for the extracted hard components reported in Ref. [16] implies that n h /n s = α n s /∆η or
where the second line represents the jet hypothesis from Ref. [16] and defines dijet frequency f = dn j /dη (mean dijet number per p-p event per unit η) with mean dijet fragment multiplicity 2n ch,j into 4π acceptance. The factor ∈ [0.5, 1] represents the fraction of a dijet that appears within acceptance ∆η in hard events [13] . Given
as the soft component derived from charge density ρ 0 .
Based on a universal model of jet spectra (see App. B) we derive an estimate of the jet frequency f N SD for 200 GeV non-single-diffractive (NSD) p-p collisions
and an estimate of the MB dijet mean fragment multiplicity within 4π acceptance
assuming ρ s,N SD ≈ 2.5 for 200 GeV NSD p-p collisions, with α ≈ 0.005 [16] and (∆η) ≈ 0.6 for ∆η = 1 [12, 13] .
We also obtain ρ h,N SD = 0.03 ± 0.005. From a TCM analysis of p-p spectrum n ch dependence we determine the model functionsŜ 0 (y t ) and H 0 (y t ) and the dijet frequency f (n s ) = n j (n s )/∆η = (ρ s /2.5) 2 f N SD . In general, dividing a hard-component contribution to hard events (spectra or correlations) by factor n j (n s )/P h (n s ) (number of dijets per hard event in ∆η) should produce a result directly comparable to the properties of single dijets. We next employ the 1D SP spectrum TCM to derive a model for 2D TA correlations.
IV. TRIGGER-ASSOCIATED TCM
The TCM for 1D single-particle y t spectra in Eq. (2) derived from 200 GeV p-p collisions can be used to define a TCM for 2D TA correlations in the form F at (y ta , y tt , n ch ) =T (y tt , n ch )A(y ta |y tt , n ch ) including soft and hard components as in Ref. [21] . By subtracting a 2D TA soft-component model from the associatedparticle conditional distribution A(y ta |y tt , n ch ) we can isolate a conditional TA hard component of hard events A hh (y ta |y tt , n ch ) that may be compared directly with measured FF systematics and pQCD parton spectra. All TA results depend on a specific angular acceptance specified in this case as 2π azimuth and ∆η.
A. Trigger spectrum TCM
We first define the TCM for 1D unit-normal trigger spectrumT (y tt , n ch ) based on the SP spectrum TCM from Sec. III B. Trigger particles arise from (sample) soft or hard events, and for hard events arise from either the soft or hard spectrum component. For a sequence of independent trials (collision events), each including n ch samples from a fixed unit-normal parent spectrumF x (y t ) (x denotes soft s or hard h event type), we sort events according to the maximum sample value y tt in each event. Parent distributions are denoted bŷ F s (y tt ) =Ŝ 0 (y tt ) for soft events andF h (y tt , n ch ) = p hs (n ch )Ŝ 0 (y tt ) + p hh (n ch )Ĥ 0 (y tt ) for hard events, with p hs =ñ hs /ñ ch and p hh = n hh /ñ ch . We then define the trigger spectrum aŝ
In each term factorF x (y tt , n ch ) is the probability of a sample at y tt from the parent spectrum, and factor G x (y tt , n ch ) (defined below) is the probability of a void (no samples) above that y tt . The P x are the event-type probabilities defined in Sec. III A. The sum of products gives the probability of a trigger particle at y tt from either event type. The corresponding data trigger spectrum is unit normal by construction. The void probabilities G x (y tt , n ch ) are defined as follows: For events with a trigger at y tt no samples can appear with y t > y tt (void interval). The mean spectrum integral above y tt within acceptance ∆η is
separately for spectraF x (y t ) from soft or hard events. The void probability for event type x is G x (y tt , n ch ) = exp[−κ x n xΣ (y tt , n ch )], where O(1) factors κ x may account for non-Poisson correlations. κ is the only adjustable parameter in the trigger-spectrum model. In Ref. [21] ad hoc O(1) correction factors T x0 (n ch ) were introduced. However, such factors are neither necessary nor permitted in the data description because G x → 1 for larger y tt , and model n hhĤ0 (y tt ) describes the measured spectrum hard component accurately in that region. For hard events the void probability factorizes as G h = G hs G hh because n hΣ = n hsΣ + n hhΣ has contributions from both the soft and hard components of F h (y tt , n ch ) = n chFh (y tt , n ch ) = ∆η(S h +H h ). The trigger spectrum for hard events is then decomposed aŝ
with G hsThh representing all hard triggers from dijets in hard p-p collisions. Note that these definitions ofT hs and T hh are different from those in Ref. [21] . Factor G hs is a form of inefficiency. What appears in a measured p-p trigger spectrum is the result of competition between soft and hard components to provide the trigger in a given hard p-p collision. Potential jet triggers are replaced by soft triggers in some fraction of hard events. Figure 2 showsT h (bold solid curve, all triggers from hard events),T hs (dash-dotted curve, soft triggers from hard events) andT hh (dashed curve, hard triggers from hard events) for two multiplicity classes compared to the spectrum hard component of hard events H h (y tt ) (thin solid curve) integrated over acceptance ∆η = 2. The dotted curve isT hh without void probability factor G hs . Figure 3 (a) shows predicted unit-normal total trigger spectrumT (y tt ) (bold solid curve) from Eq. (9) compared to preliminary data (points) from 200 GeV p-p collisions for multiplicity class n = 5 [29, 30] . Parameter κ ≈ 1.5 has been adjusted to match the data below the spectrum mode. The bold dashed curve is P hTh and the light dashed curve is spectrum hard-component model P h n hhĤ0 (y tt ) = n hĤ0 (y tt ). The bold dotted curve is P sTs and the light dotted curve is P sñchŜ0 (y tt ). The ratio of bold to light curve is in either case the void probability G x (y tt ) for the soft or hard event type.
B. Conditional trigger-associated TCM
We next derive a 2D model for TA two-particle correlations based on the chain rule applied to joint distribution F at (y ta , y tt , n ch ) formed from all possible triggerassociated hadron pairs excluding self pairs. We assume that for a given trigger the associated particles are sampled from soft or hard parent distributions approximated by those in the 1D SP spectrum TCM subject to marginal constraints described in Ref. [21] . For multiplicity class n ch the total number of triggers is N evt (n ch ), the observed (detected) associated-particle number per event isñ ch − 1, and the total trigger-associated pair number for the given n ch class (with self pairs excluded) is N evt (n ch )(ñ ch − 1).
We assume that the expressions for soft and hard event types are linearly independent so that F at (y ta , y tt ) = P s F s (y ta , y tt ) + P h F h (y ta , y tt ). According to the chain rule the probability of a TA pair F x (y ta , y tt ) can be written as the product of trigger probabilityT x (y tt , n ch ) and A x (y ta |y tt , n ch ), proportional to the conditional probability of an associated particle at y ta given a trigger at y tt . The model for A x (y ta |y tt ) is also based on the F x (y t ) from the 1D SP TCM but is set to zero above y tt (the sample void). We then obtain a 2D TCM for F at (y ta , y tt , n ch )
where A s (y ta |y tt , n ch ) = (ñ ch − 1)Ŝ 0 (y ta |y tt , n ch ) for soft events and A h (y ta |y tt , n ch ) =ñ hs (n ch )Ŝ 0 (y ta |y tt , n ch ) + n hh (n ch )Ĥ 0 (y ta |y tt , n ch ) ≡ A hs + A hh for hard events. The primes on the spectrum model components indicate that conditional probabilities may deviate from corresponding 1D SP spectrum models because of imposed marginal constraints (the soft component includes different distortions for the two event types). The primes on multiplicitiesñ xy indicate the effect of the "missing" trigger hadron. We wantñ hs + n hh =ñ ch for F hh andñ hs +n hh =ñ ch −1 for A hh . For soft triggers (ñ hs −1)+n hh =ñ ch −1, but for hard triggersñ hs +(n hh − 1) =ñ ch − 1. The primed quantities represent averages over trigger distributions approximated in this case by scaling the estimatedñ hs and n hh by factor (ñ ch −1)/ñ ch . Figure 3 (b) shows the predicted TCM p-p TA distributionF at = F at /(ñ ch − 1) from Eq. (12) for multiplicity class n = 5 that compares well with preliminary data from Refs. [29, 30] .
The chain rule can also be applied to the full TA distribution to define the complementary associatedparticle conditional distribution A(y ta |y tt , n ch ). We divide F at (y ta , y tt , n nch ) from Eq. (12) by trigger spectrumT (y tt , n ch ) from Eq. (9) to define a TCM for A(y ta |y tt , n ch ). The result is an ensemble of associatedparticle distributions on y ta conditional on y tt A(y ta |y tt , n ch ) = dn ch (y ta |y tt , n ch ) y ta dy ta (13)
each integrating toñ ch − 1, with trigger fractions R x ≡ T x /T . The TA TCM can be compared with data in the formsT (y tt , n ch ), A(y ta |y tt , n ch ) and F at (y ta , y tt , n ch ). Figure 3 (c) shows predicted p-p TA conditional distribution A from Eq. (13) for multiplicity class n = 5 that also compares well with preliminary data from Refs. [29, 30] . The increased amplitude below y tt ≈ 2.5 is a marginal-constraint distortion. The integrated associated-particle multiplicity is constrained to have the same valueñ ch −1 for each y tt condition but the accepted y ta interval decreases with y tt . Such distortions are represented by O(1) weight factor D x (y tt ) defined in Ref. [21] .
For TCM or real data we can isolate the hard component of A by subtracting a TCM soft-component reference from the ratio A = F/T according to the method described in Ref. [16] . We first rearrange Eq. (13) to isolate the product R h A hh (hard component of hard events)
For real data the product R h A hh requires further analysis after isolation, as described in Sec. VIII C. Note that A hh above is denoted by H h in Ref. [21] . (14) from the TCM as defined in Sec. IV B. The TA TCM assumes factorization of the hard component A hh (y ta |y tt ) → n hhĤ 0 (y ta |y tt ), the latter derived from 1D SP model functionĤ 0 (y t ), and that structure is returned in this exercise. There is no correlation between y tt and y ta -the input model is uniform on y tt modulo the effect of the y ta < y tt constraint. The marginalconstraint distortion is evident along the left edge of A hh .
For real data (as in Refs. [29, 30] ) we expect to encounter nontrivial jet-related correlation structure in data hard-component product R h A hh (y ta |y tt ) that is not factorizable. The associated-particle spectrum should change shape with varying trigger condition y tt . Correlation structure should correspond to jet fragment distributions derived from measured FFs and may reveal systematic details of low-energy parton fragmentation.
V. PARTITIONING FF ENSEMBLES
We want to predict the dijet-related hard component of TA hadron correlations from p-p collisions by constructing trigger-associated conditional fragment distributions derived from measured FF ensembles. The parametrizations of FF ensembles from e + -e − and p-p collisions used in this study are summarized in App. A. In this section we partition FF ensembles into trigger and associated components via the method described in Sec. IV A.
An FF ensemble D u (y|y max ) can be partitioned into trigger and associated components by defining a void probability that depends on the absolute number of jet fragments detected in some angular acceptance. A trigger particle appearing at rapidity y trig implies a sample void above that point with void probability G t (y trig ) derived from the mean sample number per dijet within the void interval and detector angular acceptance. The number of detected fragments per dijet above y trig within acceptance ∆η is (15) where factor (∆η) represents the effect of the detector η acceptance [12, 13] . The void probability is defined by G t (y trig |y max ) = exp[−κn Σ (y trig |y max )] where κ ≈ 1 represents the effects of non-Poisson correlations. Given void (trigger) probability G t we define complementary associated probability G a = 1 − G t . We then obtain the FF trigger component asŜ t (y trig |y max ) = G t (y trig |y max ) (∆η)D u (y trig |y max ) and the associated component D a (y trig |y max ) by replacing G t with G a . Figure 4 (top row) shows (a) the FF ensemble D u (y|y max ) for quark jets from e + -e − collisions within 4π and (b) its projection onto y max 2n ch,j (y max ). Figure 4 (middle row) shows (c) trigger componentŜ t (y trig |y max ) and (d) its projection n trig (y max ) (one trigger per dijet). Figure 4 (bottom row) shows (e) associated component D a (y assoc |y max ) and (f) its projection 2n assoc (y max ) ≈ 2n ch,j (y max )−1. Trigger multiplicity n trig (y max ) should integrate approximately to 1 and does so (with κ = 1.1) for e + -e − FFs with y max > 3.75 (E jet > 3 GeV) corresponding to observable charged-hadron jets to the right of the hatched band. Note thatŜ t +D a = (∆η)D u sums to the fragment distribution appearing within the detector angular acceptance determined by acceptance factor . We next consider FF 1D trigger-hadron and 2D TA distributions in isolation and then relate them to physical p-p collisions including soft components and multiple dijets. [10] and (b) its projection onto parton rapidity ymax. Middle panels: (c) Conditional trigger-spectrum ensembleŜt(y|ymax) and (d) its projection. Bottom: (e) Conditional associatedfragment-spectrum ensemble Da(y|ymax) and (f) its projection. The trigger and associated spectra sum asŜt+Ds = Du (see text). The z-axis (log scale) limits are 6 and 0.06 for (a) and (e) and 4 and 0.04 for (c). The hatched bands indicate the estimated lower kinematic limit for MB dijet production.
VI. 1D TRIGGER SPECTRUM FROM FFs
To derive a prediction for the trigger-spectrum hard component from FFs we can combine a measured unitnormal MB jet/parton spectrumŜ p (y max ) with the inferred FF 2D trigger componentŜ t (y trig |y max ) from Fig. 4 (c) to obtain the required FF trigger spectrumŜ t (y trig ) as a 1D projection. The jet spectrum is represented by S p (y max ) = p jet d 2 σ j /dp jet dη = (dσ j /dη)Ŝ p (y max ) as described in App. B. The full FF joint hadron-parton distribution is F up (y, y max ) = S p (y max )D u (y|y max ). Its marginal projection is D u (y), the average of D u (y|y max ) weighted by the unit-normal parton spectrum, with integral 2n ch,j the MB mean dijet fragment multiplicity within 4π. In the previous section we separated the FF ensemble into components as D u (y|y max ) =Ŝ t (y|y max ) + D a (y|y max ) based on void probability G t (y|y max ), witĥ
The FF trigger-parton joint distribution is then F tp (y trig , y max ) =Ŝ p (y max )Ŝ t (y trig |y max ), the marginal projection being trigger spectrumŜ t (y trig )
defining marginal void probability G t (y trig ) as a spectrum-weighted average of the G t (y trig |y max ). Similarly, F ap (y assoc , y max ) =Ŝ p (y max )D a (y assoc |y max ) with marginal projection D a (y assoc ) integrating to 2n ch,j − 1. . Right: Triggerfragment spectrumŜt(y) (solid curve), associated-fragment distribution Da(y) and their sum (dashed curve), the jet fragment distribution Du(y) within acceptance ∆η = 1, compared to the spectrum hard component from NSD p-p collisions (solid points) [16] . The MB parton spectrum Sp(ymax) (dash-dotted curve) used to constructFtp(ytrig, ymax) is compared to a jet spectrum from 200 GeV p-p collisions (open squares) [31] . Figure 5 (left panel) shows the joint trigger-parton distributionF tp (y trig , y max ) obtained by combining FF trigger componentŜ t (y trig |y max ) from Fig. 4 (c) with pQCD parton spectrumŜ p (y max ). The 2D mode corresponds to parton (gluon) energies ≈ 3 GeV and hadron trigger momenta ≈ 1 GeV/c. In this case the FFs represent light-quark jets from p-p collisions within ∆η = 1. The locus of modes on y trig for larger y max is then considerably higher than for gluon jets, but (≈ valence) quark jets dominate at the larger parton energies. Near the 2D distribution mode quark and gluon FFs are equivalent. results. The projection onto y max is the parton spectrum S p (y max ) introduced to constructF tp (y trig , y max ), compared here with 200 GeV jet cross section data (open squares, [31] ) (the dash-dotted curve includes factor dσ j /dη ≈ 1 mb). The projection onto y trig (solid curve) is the sought-after FF trigger spectrumŜ t (y trig ). The dotted curve is the projection of F ap (y assoc , y max ), the associated-particle distribution D a (y assoc ). The dashed curve is the sum D u (y) =Ŝ t (y) + D a (y) with = 0.6 for ∆η = 1 integrating to 1.2. Hard-component data from 200 GeV p-p collisions (solid points) are scaled as y t H(y t ) = d 2 n h /dy t dη divided by f N SD = 0.025 for comparison with D u (y). The hard component includes trigger and associated components (see Sec. VIII) and integrates to ρ h ≈ 0.03 consistent with the text below Eq. (8) . For NSD p-p collisions ∆n j 1 (the probability of a second dijet in a hard event is negligible).
VII. 2D TA DISTRIBUTION FROM FFs
From triggerŜ t (y|y max ) and associated D a (y|y max ) FF components conditional on parton rapidity y max we want to construct TA fragment-pair distribution D a (y assoc |y trig ) conditional on hadron trigger rapidity that can be compared with measured TA hard component A hh (y ta |y tt ) as defined in Sec. IV. Fragment TA distributions can be obtained from the two FF components by introducing a convolution integral over y max that eliminates the parton degree of freedom. The result describes single dijets within a p-p hard event. For direct comparisons with data we must accommodate the p-p soft components and effects of multiple dijets per event.
A. Deriving the TA convolution integral
We begin with a schematic description of the method. From a minimum-bias dijet ensemble we can construct a three-particle joint distribution on rapidity space (y max , y trig , y assoc ) for partons (p) and for trigger (t) and associated (a) hadron fragments. Introducing a compact notation the joint distribution (on rapidities) is indexed by (p, t, a). The marginal projections appear on (a, p), (t, p), (a, t), (p), (t) and (a). The sum of (t, p) and (a, p) is (u, p), the measured FF ensemble (describing partons fragmenting to unidentified hadrons). The chain rule can be applied to that system in various ways:
The measured conditional distributions are FFs on (u|p) and TA hadron correlations on (a|t). Measured FFs can be decomposed into trigger on (t|p) and associated on (a|p) components using void probabilities as described in Sec. V and illustrated in Fig. 4 . We assume an approximate factorization to marginal projections in the form f (a, t, p) ≈ f (a, p)f (t, p)/f (p). Note that marginal projections onto (t, p) and (a, p) on both sides are equal. Projection onto (a,
We now restore part of the conventional FF notation. The full integral of joint distribution F atp (a, t, p) per dijet over the 3D rapidity space is 2n a ≡ 2n ch,j − 1, the mean number of associated fragments per dijet in 4π. The relation among F atp (a, t, p) marginals is then
where the second line is obtained by canceling a common factor 2n a on the RHS and permuting p and t. The third line is the required convolution integral obtained by applying the chain rule to each function F αβ and canceling common factorsŜ t (t) andŜ p (p). To proceed we require the parton-trigger conditional distributionŜ p (p|t) →Ŝ p (y max |y trig ).
B. Parton-trigger conditional distribution
For a given parton-collision-system combination we partition FFs D u (y|y max ) into triggerŜ t (y trig |y max ) and associated D a (y assoc |y max ) components as in Sec. V. We obtain the required parton-trigger conditional distributionŜ p (y max |y trig ) from the trigger component of the FFs as follows. The first line of
is constructed from the FF trigger component as in Fig. 4 (c) and parton spectrumŜ p (y max ) derived from jet data (App. B). The second line is an alternative application of the chain rule.Ŝ t (y trig ) is the projection ofF tp onto y trig obtained in Sec. VI. We then havê
as an application of Bayes' theorem. Figure 6 shows parton spectraŜ p (y max |y trig ), unit normal on y max for each y trig condition, for quark jets from p-p collisions (left panel) and gluon jets from e + -e − collisions (right panel). Those result can be compared with Fig. 4 (c) whereŜ t (y trig |y max ) is approximately unit normal on y trig for each y max condition. The z-axis limits are the same in the two panels. The large difference between Figs. 4 (c) and 6 corresponds to the difference in marginal distributions. The trigger marginal is broad, with mode near y trig = 3, whereas the parton marginal (jet spectrum) is steeply falling above a mode near y max = 3.75. For given parton rapidity the trigger mode lies substantially below the kinematic upper bound, 
whereas for given trigger rapidity the parton mode lies just above the kinematic lower bound. Figure 6 illustrates the relation between hadron trigger momentum (or y trig ) and conditional mean parton/jet energy (or y max ). The p-p collision energy imposes kinematic constraints on y max and therefore y trig . For a trigger hadron with y trig ≈ 5.5 (p t ≈ 15 GeV/c) the most probable parton rapidity is y max ≈ 6 (E jet ≈ 30 GeV), implying valence quarks near the kinematic upper bound for √ s = 200 GeV p-p collisions. For trigger rapidity y trig < 3.3 (p t < 2 GeV/c -most triggers) the most-probable parton rapidity is y max ≈ 3.75 (E jet ≈ 3 GeV, minijets) near the lower bound of the parton spectrum. Over the typical trigger rapidity range considered in this study we encounter the extremes of parton flavor and hadronization: from valence-quark jets for 15 GeV/c triggers to small-x gluon minijets for 1-2 GeV/c triggers.
C. Obtaining TA distributions from FFs
The conditional distributionŜ p (y max |y trig ) from Fig. 6 , an ensemble of parton spectra approximately unitnormal on y max , can be inserted into Eq. (18) (third line) to obtain (with full notation)
an ensemble of associated-hadron FF components averaged over a subset of parton energies determined by the trigger hadron. For a given y trig condition all associated FFs D a (y assoc |y max ) are truncated so that y assoc < y trig . The 2D TA distribution then extends up to the diagonal, whereas D a (y assoc |y max ) in Fig. 4 (e (c)
(Color online) Associated-hadron distributions Da(yassoc|ytrig) conditional on trigger-hadron rapidity ytrig for gluon jets (a) and quark jets (c) from e + -e − collisions (App. A 2). Right panels show projections onto ytrig to obtain associated multiplicities 2nassoc(ytrig) ≈ 2n ch,j (ytrig)−1. The left-panel z-axis limits (log scale) are 3 and 0.03. Figures 7 and 8 show examples of FF TA distributions for four combinations of partons (light quarks or gluons) and collision systems (e + -e − or p-p collisions). Figure 7 shows results for gluon (a) and (b) and lightquark (c) and (d) FFs from e + -e − collisions, with FFs extending down to y assoc = 1 (detector acceptance limit). Panels (b) and (d) show projections onto y trig giving the associated-fragment yield per dijet 2n assoc (y trig ) ≈ 2n ch,j (y trig ) − 1. Figure 8 shows equivalent results from p-p collisions. The effect of the FF cutoff near y = 1.5 (white dotted line) observed in p-p FF data is apparent. Generally, gluon FFs manifest substantially larger fragment multiplicities and lower modes on y assoc than light-quark FFs, as reflected in the structure of these 2D TA distributions.
We can check the consistency of the algebra leading to Eq. (21) by the following exercise. From Eq. (19) we havê S p (y max ) = ymax 0 dy trigŜp (y max |y trig )Ŝ t (y trig ) (22) as one marginal projection ofF tp (y trig , y max ). Multiplying Eq. 
The second line is the equivalent of Eq. (17) for FF associated-hadron component D a , the common marginal projection from joint distributions F at and F ap . Figure 9 (left panel) shows FF TA joint distribution F at (y assoc , y trig ) as the product of D a (y assoc |y trig ) from Fig. 8 (c) and FF trigger-fragment spectrumŜ t (y trig ) from Fig. 5 (right panel, solid curve) . The predicted structure indicates that the great majority of jet fragments appears within p = 0.5 -2 GeV/c (y ≈ 2 -3.3). for hard events from Ref. [16] can be expressed as
, since for NSD p-p collisions P h /n j ≈ 1 and ∆n j ≈ 0.
VIII. FF COMPARISONS WITH p-p DATA
Predictions derived from fragmentation functions can be compared with TA data from p-p collisions in several ways, including 2D joint distributions and 1D marginal projections onto y trig and y assoc . Such comparisons require a quantitative relation between data from p-p collisions and predictions from FFs as established in Sec. III C. Sections VI and VII assume single dijets within a specific detector acceptance with no soft component. Effects of soft components, limited y t and angular acceptances and additional (untriggered) dijets on the inferred TA hard component must be accommodated in comparisons of FF predictions with real p-p data.
Hard events include both soft and hard components. At least one but possibly several dijets may contribute to the hard component, the number represented by quantity 1+∆n j (n ch ). Each event includes a single trigger hadron which may come from the soft or hard component. If the trigger is soft there is no correlation with the dijet contribution (per the TCM). If the trigger is hard the associated hadrons from one dijet should be correlated with the trigger but not those from other dijets. Those several possibilities are considered in each subsection below.
A. Jet correlations and p-p data
In Sec. IV a two-component model was developed for trigger spectra and TA correlations based on the TCM for SP spectra. By construction the TA TCM includes no 2D correlations. For comparison of FF predictions with real data we must enumerate the possible jet-related correlations in data compared to other contributions, specifically for hard events that include a dijet contribution.
To relate the measured trigger-spectrum hard component to FF jet triggers we must account for multiple dijets in some hard events. The p-p spectrum hard component H is related to the FF fragment distribution D u by yH(y, n ch ) = P h yH h ≈ f (n ch ) (∆η)D u (y). (25) The possibility of multiple dijets in the same p-p hard event is represented by factor ∆ηf (n ch )/P h (n ch ) = 1 + ∆n j . We then have (26) where the second term on the right presents a contribution from secondary dijets not correlated with the single hard trigger in an event. The hadron spectrum hard component for event multiplicity n ch is thus related to FF trigger and associated components for a single dijet.
For soft triggers in hard events the ensemble-average fragment number should be [1 + ∆n j (n ch )] 2n ch,j ≈ n hh uncorrelated with the trigger. For hard triggers with rapidity y tt the fragment number per event should be 2n ch,j (y tt ) − 1 associated hadrons correlated with the trigger and ∆n j (n ch ) 2n ch,j hadrons uncorrelated with the trigger, where the triggered-dijet fragment multiplicity depends on the trigger rapidity (or parton energy).
B. Hard component of 1D trigger spectrumT(ytt)
Section VI describes a 1D trigger hard component derived from FFs based on fragments from single dijets appearing within acceptance ∆η and with no soft component. We now derive the additional factors required to relate FF predictions to p-p data. From Eq. (11) T hh = G hh ∆ηH h represents all potential triggers from dijets. From Eq. (26) we have G hh = G t G ∆nj t , and from Eq. (16) we haveŜ t = G t D u . Given Eq. (25) we conclude that (27) is the required relation between the hadron trigger hard component y ttThh and the predicted fragment trigger spectrumŜ t based on FFs. They should coincide approximately for a single dijet (∆n j ≈ 0). Figure 10 (left panel) shows a comparison between the accepted fragment distribution D u and fragment trigger spectrumŜ t predicted from FF distributions for isolated dijets and the hadron-and trigger-spectrum hard components derived from 200 GeV p-p collisions for multiplicity class n = 1. The solid curve is the dijet total fragment distribution D u within acceptance ∆η = 1. The dash-dotted curve is the corresponding fragment trigger spectrumŜ t . The dotted curve is the hadron spectrum hard-component model y tt H(y tt , n ch ) divided by dijet frequency f (n s ) for a given multiplicity class, and the dashed curve is the hadron trigger hard component in the form P h y ttThh /n j . The points are NSD p-p hard-component data from Ref. [16] . For multiplicity class n = 1 the probability of a second dijet in a hard event is negligible (∆n j ≈ 0). The difference in shape between the predicted fragment-trigger and hadron-trigger spectra corresponds to the difference in the "parent" distributions D u and y tt H below y tt = 3.3 (p t ≈ 2 GeV/c). 
FIG. 10:
TCMT hh (dashed curve) and FFŜt (dashdotted curve) trigger-spectrum models for two p-p multiplicity classes. Full spectrum hard-component models from the TCM (dotted curve) and FFs (solid curve) are compared with the spectrum hard component from NSD p-p collisions in the form yttH/f (solid points) [16] . The trigger-spectrum models differ in form for smaller yt,trig but vary together with increasing n ch in a manner consistent with Eq. (27) . Figure 10 (right panel) shows the same curves for multiplicity class n = 6. From Fig. 1 we determine that ∆n j ≈ 1. Based on Eq. (27) we plot G 1 tŜt as the dashdotted curve and find that the relation to P h y tt T hh /n j is equivalent to that in the left panel modulo the differences in the parent distributions. Thus, Eq. (27) is a good description of the relation between the predicted and measured trigger spectra. Comparison of left and right panels indicates that as the number of dijets in a hard event increases significantly above 1 the void probability for smaller y tt values decreases accordingly.
C. Hard component of 2D conditional A(yta|ytt)
Section VII describes a 2D TA hard component derived from FFs and is also based solely on fragments from single dijets appearing within acceptance ∆η with no soft spectrum component. We now derive additional factors and terms that relate FF TA predictions to p-p TA data, taking into account the presence of soft components and the possibility of multiple dijets in hard events.
From the measured TA conditional distribution A we first subtract the TCM soft-component models
Because the hard-event trigger ratio has the structure
with soft and hard trigger components we obtain R h (y tt )A hh (y ta |y tt ) = G hh (y tt )R hs (y tt )A hh (y ta |y tt ) + G hs (y tt )R hh (y tt )A † hh (y ta |y tt ), (30) where A hh (y ta |y tt , n ch ) ≈ n hhĤ 0 (y ta |y tt ) with n hh = (1 + ∆n j ) 2n ch,j since there is no jet correlation with a soft trigger. A † hh in the second term representing hard triggers in hard events can be further decomposed as A † hh (y ta |y tt , n ch ) = A * hh (y ta |y tt , n ch ) + A hh (y ta |y tt ) (31) with A hh (y ta |y tt ) ≈ ∆n j (n ch ) 2n ch,jĤ 0 (y ta |y tt ) since the second term (from one or more MB secondary dijets) is not correlated with the trigger hadron. The first term A * hh with mean fragment number 2n ch,j (y tt ) − 1 corresponds to a single dijet correlated with the hard trigger at y tt . Introducing the ratios in the first line of
gives the triggered-jet component in the second line. To summarize, combining the TA TCM soft components with measuredT and A we isolate R h A hh in Eq. (28) . Further application of the TCM in the form of R hs A hh (soft-trigger-dijet component) and A hh (hard-trigger-secondary-dijet component) in Eqs. (30) and (31) isolates y ta A * hh (y ta |y tt , n ch ) in Eq. (32) (hardtrigger-primary-dijet component), the data equivalent of D a (y assoc |y trig ) from FFs (hard-trigger-triggered-dijet component) that is the principal object of TA analysis. Figure 11 (left panels) shows data distributions y ta A * hh (y ta |y tt , n ch ) from 200 GeV p-p collisions for multiplicity classes n = 2, 5 [29, 30] that can be compared with FF equivalents in Figs. 7 and 8 . The z-axis (log scale) limits are the same in the two figures. The dotted reference lines represent lower bounds typically observed for data TA hard components. Figure 11 (right panels) shows 2D histograms in the left panels projected onto y tt to obtain (points) 2n assoc (y tt ) ≈ 2n ch,j (y tt ) − 1 (33) corresponding to single triggered dijets within the angular acceptance. Also shown for comparison are the FF projections from the right panels of Figs. 7 and 8 for four combinations of parton type and collision system. For each of e + -e − and p-p systems the dashed curve is for gluons, the solid curve for light (e.g. valence) quarks. The comparison favors FFs from p-p collisions. [21] . The dotted reference lines are explained in the text. Right panels: Projections 2nassoc of the 2D histograms onto trigger rapidity yt,trig (points) compared to FF predictions from p-p and e + -e − collisions and for quark jets (solid curves) and gluon jets (dashed curves). Multiplicity classes 2 and 5 represent a factor 9 increase in dijet frequency per p-p collision.
As noted above, for 6 GeV triggers (y t,trig ≈ 4.5) the most probable jet energy is approximately 10 GeV (Fig. 6  -left panel) or x ≈ 0.1. Given proton PDF structure we expect (≈ valence) quark jets to make a substantial contribution in that region. For 1 GeV triggers (y t,trig ≈ 2.7) the most probable jet energy is near 3 GeV, and from the proton PDF structure we expect dominance of gluon jets for energy fraction x ≈ 0.03, but the FF difference between gluon and quark jets is negligible for such low parton energies [10] .
For small n ch the dijet contribution (hard component) to hard events is comparable to and may even exceed the soft contribution (low-multiplicity hard events are very hard) in which case the dijet fragment multiplicity may be strongly biased by the imposed n ch condition, as in panel (b) . Since the hard fraction of hard events scales approximately as 1/n ch the dijet contribution for larger n ch is a smaller fraction and may be less biased, consistent with panel (d) where TA data appear to favor FFs from p-p collisions and follow that y t,trig trend closely. Figure 12 (left panels) shows the product T h (y tt , n ch )y ta A * hh (y ta |y tt , n ch ) representing the triggered-dijet TA hard component of hard events from F at (y ta , y tt , n ch ) in Fig. 3 (b) . The TCM P hTh [bold dashed curve in Fig. 3 (a) ] represents all hardevent triggers. From Eq. (12) we can define the F at hard component of hard events as F hh = P hTh A hh . To some approximation A * hh ↔ P h A hh /n j so that T h A * hh ≈ F hh /n j , the F at hard-event hard component per dijet. Whereas F hh /n j may represent an average over multiple dijets per hard eventT h A * hh represents single triggered dijets in hard events. −5 , the same as Fig. 9 (left panel) . The distributions are corrected for marginal-constraint distortions [21] . Right panels: Projections of histograms in the left panels onto yt,assoc (solid points) compared to equivalent projections (solid and dashed curves) of Da(yassoc|ytrig) derived from measured FFs [10, 13] and reconstructed-jet spectra [12] . The 200 GeV p-p yt spectrum hard component (open circles) and FF trigger spectrumŜt(ytrig) are included for comparison. Figure 12 (right panels) shows corresponding projections onto y ta (solid points) compared to the FFpredicted projection D a (y assoc ) (solid, dashed curves) for quark jets from p-p collisions. As described in the text below Eq. (21), to reduce distortions from finite integration domains 2D TA predictions from FFs described in previous sections are calculated within rapidity spaces extended to y x = 8, and the 2D histograms are then cropped to smaller intervals as required. The dashed curves in Fig. 12 (right panels) were produced with that procedure, but the data domains in the left panels are limited to y tt < 4.5. The solid curves in the right panels were obtained by projecting across the reduced integration domain, and D a thus falls to zero near y ta = 4.5.
D. Hard component of 2D joint Fat(yta, ytt)
Comparison of Fig. 12 (left panels) with Figure 9 (left panel) demonstrates general similarity, including 2D mode positions and mean amplitudes (the z-axis limits are the same). However, the 2D FF TA model does not match the observed data lower bounds (dotted lines in Figs. 11 and 12 , left) that may reflect kinematic limits on low-energy jet formation.
The p-p TA data distributions are significantly more peaked near the 2D modes suggesting that the shape of the underlying parton spectrum modelŜ p (y max ) near its lower bound could be more sharply peaked than the Gaussian model described in App. B , closer to the powerlaw spectrum model used in Ref. [13] that terminates sharply near 3 GeV. The jet (parton) spectrum appearing in Fig. 5 (right panel) as the dash-dotted curve and defined as a Gaussian shape on parton rapidity y max in App. B provides an accurate and comprehensive spectrum model for measured jet cross sections at jet energies above 5 GeV. However, there are no jet cross-section data below that energy where most MB jets are produced in high-energy nuclear collisions. Comparison of highstatistics p-p TA correlation data and FF predictions may help to refine the MB jet spectrum model near its lower bound. Figure 11 emphasizes the y tt dependence of TA associated-particle distributions A * hh compared to FF predictions, whereas Fig. 12 confirms that most jetrelated triggers appear near y tt ≈ 3 (p tt ≈ 1.6 GeV/c) corresponding to 3 GeV minijets, and most associated fragments appear near y ta = 2.5 (p ta ≈ 0.85 GeV/c).
IX. SYSTEMATIC UNCERTAINTIES A. Internal consistency
The accuracy of the FF-based TA TCM is indicated by the extent of its internal consistency. The TA TCM introduced in Ref. [21] was based only on the p-p SP spectrum n ch dependence whose systematic uncertainties are discussed in the next subsection. In that case the application of probability analysis was rather simple. A consistency check is provided by various marginal projections compared to 1D SP spectrum components. The present study extends the TCM by including information derived from parton FFs and a jet spectrum via the probability chain rule and Bayes' theorem.
Decomposition of the FF ensemble into trigger and associated components can be checked by comparison of the trigger+associated sum with the SP spectrum hard component as in Fig. 5 (right panel) . The significant differences near the distribution mode are probably due to inaccuracy of the assumed jet spectrum near its lower bound, for which there are no jet cross-section data. The same discrepancy is apparent in Fig. 10 where nevertheless the relation in Eq. (27) is confirmed as a reasonable approximation. A check on the internal consistency of application of the probability chain rule and Bayes' theorem is provided by comparison of the two forms of Eq. (23) in Fig. 9 (right panel) . Finally, comparison of the FF-based TA TCM with data in Figs. 11 and 12 shows good agreement with the data for the p-p FFs.
B. Implications from SP spectrum uncertainties
The 1D TCM inferred from n ch dependence of SP spectra from 200 GeV p-p collisions [16] provides the basis for the 2D TA TCM described in Sec. IV. Thus, some 2D systematic uncertainties arise from the 1D system.
The main source of systematic uncertainty in the inferred 1D SP spectrum hard component is the definition of the soft-component modelŜ 0 as a limiting case of spectrum n ch variation.Ŝ 0 is a rapidly-decreasing function in the interval y t = 1.5 -2.5 where the hard component becomes significant. The main effect of varyingŜ 0 model parameters is to change the magnitude ofŜ 0 in that interval, shape changes being secondary. Certain limit criteria described in Ref. [16] establish stringent constraints onŜ 0 already in the y t interval 1.5-2, limiting systematic uncertainty at y t = 2 to ±0.002 (1/3 ofĤ 0 at that point). The uncertainty range rapidly decreases above that point. Uncertainty in the inferred hard component is therefore greatest in that interval. Above y t = 2.5 (p t ≈ 1 GeV/c) SP spectra are dominated by H and the hard component is accurately defined in that interval.
Some confirmation of the SP uncertainty estimate arises from comparison of the inferred SP spectrum hard component for NSD p-p collisions and a pQCD prediction as established in Ref. [13] . Figure 5 (right panel) shows the SP spectrum hard component (solid points) and the corresponding pQCD prediction D u (dashed curve) defined as a convolution of measured FFs and measured jet spectrum. The agreement is good. Below 2 GeV/c the pQCD calculation uncertainty is determined by uncertainty in the jet spectrum lower bound and uncertainty in the low-momentum structure of p-p FFs.
Implications for the TA analysis are that 2D structure for y ta > 2.5 is well defined whereas structure below y ta = 2 is increasingly uncertain with decreasing y ta due to uncertainty in the subtracted TA soft-component model.
C. Ratio comparison of TA TCM and TA data
Direct comparison of TA data with the TA TCM as a ratio provides an indication of the quality of the model over the entire kinematic domain whereas data-TCM differences such as those appearing in Fig. 11 do not. Figure 13 shows ratio A data /A TCM for two multiplicity classes n = 2, 6 representing a factor 4 multiplicity increase (factor 16 dijet rate increase). A TCM for n = 5 is shown in Fig. 3 (c) . The ratio is approximately 1 (within 10%) for all y tt and for y ta < 2.5 indicating that the TCM soft components provide a reasonable data model. The same soft reference applies to all event classes. For larger n ch (right panel) the empty bins at small y tt arise from lack of statistics for smaller event and trigger numbers. If the TA data system were trivial (no correlations) we should expect the 2D ratio to be uniform across the entire kinematic domain. The deviations at larger y ta and y tt represent the desired nonfactorizable jet structure that is the object of TA analysis. The TCM hard component appearing in Fig. 3 (d) is uniform on y tt (modulo the marginal-constraint distortion at the left edge) and represents a marginal projection of the 2D TA hard component. The dijet contribution correlated with a trigger particle is less than the average for smaller y tt and greater than the average for larger y tt as shown in Fig. 13 .
D. Implications from n ch dependence
The TA hard component increases relative to the soft component linearly ∝ n ch . If there were a systematic bias arising from subtraction of TCM soft components to isolate the TA data hard component, as in Sec. VIII, any such bias should scale approximately with the soft/hard ratio and should be most apparent near the hard-component kinematic boundaries where that ratio is largest. No significant n ch bias is apparent in Figs. 11 and 12 (left panels).
E. Marginal-constraint distortions
For a given multiplicity class n ch the associated particles for each trigger class y tt are constrained to sum tõ n ch − 1. That constraint biases the data in at least two ways. First, the TCM model is distorted as illustrated in Fig. 3 (d) (increased amplitude along the left edge) compared to the input hard-component model that is uniform on y tt modulo the condition y ta < y tt . Comparison of the TCM hard component with the input generates a correction function D h (y tt ) as noted in Ref. [21] . The correction derived from the TCM has been applied to the A * hh data in Figs. 11 and 12 (left panels) . A second issue is the bias imposed on triggered dijets. Dijet structure should depend strongly on y tt as a proxy for the parton/jet energy. However, to some extent requirement of a fixed number of associated fragments must bias the fragmentation cascade (for instance to one higher-momentum trigger and a compensating reduced number of lower-momentum fragments if n ch is small). That bias is suggested by comparing panels (b) and (d) of Fig. 11 . The bias should be most severe where the dijet contributes a major fraction of the event multiplicity, as for smaller event multiplicities (b), and the data seem consistent with that expectation.
X. DISCUSSION
In this study we have established an algebraic connection between dijet TA systematics (via measured FFs and jet spectrum) and the hard component of hadron TA correlations from high-energy p-p collisions. A major goal of the study is a test of the hypothesis that the observed 2D TA hard component does represent dijet production, as already strongly suggested by 1D SP spectrum analysis.
Several other aspects of dijet production in high-energy p-p collisions can be addressed by comparing FF TA predictions with TA data: (a) What are the kinematic lower limits on dijet production (parton energy and fragment momentum) in nuclear collisions? (b) Are FFs universal as assumed in some treatments? (c) What are the implications for underlying event (UE) studies and multiple parton interactions (MPI)?
A. Kinematic limits on dijets in p-p collisions Dijet contributions to yields, spectra and correlations at lower fragment momenta and parton (jet) energies have been dismissed in the context of heavy ion collisions. It is argued that since a pQCD description is not well established in that kinematic domain jet interpretations are not supported by theory. In the absence of definitive theoretical predictions hadrons below 2 GeV/c are conventionally attributed to emission from a thermalized flowing bulk medium. Such arguments are questionable for two reasons: (a) the systematics of reconstructed MB dijets and (b) accurate description of measured hadron hard components based on the same jet systematics.
Appendix A presents FFs from isolated dijets measured accurately down to 0.1 GeV/c (e + -e − FFs) or 0.35 GeV/c (p-p FFs) fragment momentum. Complete FFs have been measured accurately down to E jet = 7 GeV [32] , and jet fragment multiplicities have been measured down to E jet = 2.25 GeV [33] . A simple parametrization describes FF evolution with parton energy down to 3 GeV [10] . Although pQCD in the form of DGLAP equations [34] or the MLLA [35] describes FFs only down to the FF mode (0.7 -2 GeV/c) the FF data are fully represented over the entire momentum acceptance of typical particle detectors. Appendix B presents jet spectra measured down to 4-5 GeV jet energy [31] and described accurately over a large range of jet and p-p collision energies by a simple QCD-inspired parametrization [12] . The absence of a pQCD description over some part of that kinematic domain does not preclude real jet fragment production down to low hadron momenta.
In Ref.
[13] measured p-p FFs and a jet spectrum model derived from measured jet cross sections accurately describes spectrum hard components down to 0.35 GeV/c hadron (fragment) momentum from 200 GeV NSD p-p collisions [16] and from Au-Au collisions over a range of centralities [11] . In Sec. VIII measured FFs and a MB jet spectrum are combined to predict hadron TA correlations quantitatively over a large fraction of the 2D kinematic domain. Disagreements for small hadron momenta may reveal kinematic limits to jet production near 3 GeV jet energy and 0.35-0.75 GeV/c fragment (trigger and associated) momentum, providing unprecedented access to the details of low-energy jet formation and confirming the importance of dijet production at low hadron momenta..
B. e-e vs p-p FFs and FF universality
QCD factorization allows the separation of long-range (soft) and short-range (hard) processes in pQCD calculations of cross sections [38] . Soft processes are measured and hard processes are predicted. In pQCD calculations of hadron production via hard parton scattering to jets measured fragmentation functions represent (mostly soft) parton fragmentation, and it is typically assumed that the FFs are universal, independent of the particular context in which they are applied. Universality has been tested in various contexts including p-p collisions as in Ref. [39] where it is concluded that "...our global analysis of inclusive charged-hadron production provides evidence that both the predicted scaling violations and the universality of the FFs are realized in nature."
However, universality tests in the context of p-p or p-p collisions involve comparisons between predictions based on FF ensembles inferred from e + -e − collisions and hadron p-p SP spectra where application of a factorization theorem and assumed FF universality applies only to the jet-related spectrum hard component. The sensitivity of such tests is then reduced at lower p t by the dominant spectrum soft component resulting from projectile proton dissociation [11, 16] . Comparisons are typically not extended below hadron p t ≈ 1 GeV/c where discrepancies of a factor 2 or more may already be apparent.
In Fig. 16 a direct comparison between e + -e − and p-p FFs inferred from event-wise jet reconstruction shows large deviations below 3-4 GeV/c where the p-p FFs fall well below the e + -e − FFs [10, 13] . One could argue that jet reconstruction in p-p collisions may lead to inefficiencies for smaller hadron momenta and larger angular distances from the jet axis due to a limited cone radius. However, direct comparisons between fragment distributions based on p-p FFs and hadron spectrum hard components, where jet reconstruction does not play a role, appear to confirm the discrepancy [11, 13, 16] . Differential study of hadron SP spectrum structure via a twocomponent analysis and direct comparison of measured FFs from e + -e − and p-p collisions with the isolated spectrum hard component suggests that FF universality is strongly violated below fragment momentum 2 GeV/c.
Universality may be tested more differentially with TA correlation analysis of p-p collision data. Figure 11 (right panels) indicates that the ratio of dijet-associated yields for e + -e − vs p-p FFs is approximately a factor 4-5 near y tt = 3 where the majority of jet fragments emerge, as indicated in Fig. 12 (left panels). The preliminary p-p TA data in Fig. 11 strongly favor the p-p FFs that closely follow the data trends. Universality might be argued for larger parton energies and fragment momenta, but near the kinematic limits of jet production FF universality is strongly violated. 2D TA results are consistent with similar indications from previous 1D spectrum analysis [13] .
C. Relation to UE studies and interpretations
The underlying event (UE) in hard p-p collisions (including at least one dijet within the acceptance) has been studied extensively in the context of searches for multiple-parton interactions (MPI) [40] . It is assumed that relative to the triggered-jet axis the azimuth transverse region (TR, ||φ−φ trigger |−π/2| < π/6) includes no contribution from the triggered dijet and therefore provides diagnostic measures for UE contributions thought to represent beam-beam remnants (BBR, fragments from projectile-nucleon dissociation) and MPI [41] [42] [43] .
TR properties exhibit characteristic variations with changing trigger condition over a range of p-p or p-p collision energies. Some TR trends have been interpreted in terms of a growing probability of MPI resulting from increased p-p centrality. With increasing trigger p t the TR hadron multiplicity (or p t sum) first increases rapidly and then saturates, the saturation value depending strongly on collision energy. A p-p centrality increase is inferred from the TR multiplicity increase and associated with increased dijet production [40, 44] . The TR p t spectrum includes a hard component [42] . Given conventional UE assumptions and inferred centrality trend the TR hard component is attributed to non-triggered dijets (MPI).
However, conventional assumptions that the UE does not include a contribution from the trigger dijet can be questioned [20] . Analysis of dijet 2D angular correlations reveals that MB (mainly low-energy) dijets contribute substantially to the TR and that higher-energy dijets include the same MB low-momentum, large-angle base structure that may be excluded from conventional eventwise jet reconstruction. The TR region should therefore include a hard contribution from the triggered dijet.
Analysis of p-p n ch dependence indicates that a p tbased jet trigger probably selects low-multiplicity hard events where MPI are unlikely, whereas imposition of a large-n ch condition would make MPI quite probable (dijet frequency per p-p collision increases as n 2 ch [16, 20] ). The TA analysis introduced in Ref. [21] may contribute to UE studies in several ways: (a) Given a TA azimuth reference the jet-related TA correlation structure within the TR becomes accessible. Is there a triggered-dijet contribution to the TR, especially in lowmultiplicity events with negligible secondary dijets? (b) In higher-multiplicity events is there a nontriggered-dijet contribution to the TR uncorrelated with the trigger? (c) Are jet-related charge correlations consistent with MPI? Triggered-jet same-side TA correlations should exhibit strong charge correlations, whereas untriggered secondary dijets in the same azimuth interval should not.
FF universality also relates to UE studies. If p-p FFs were equivalent to e + -e − FFs with their much larger lower-momentum (and hence larger-angle) fragment density the TR should include a much larger contribution from the triggered dijet, as suggested by Fig. 11 . Even for p-p FFs the triggered-dijet contribution is substantial.
D. Triggered dihadron correlations
So-called triggered dihadron correlations [36] have certain features in common with the TA analysis described in Ref. [21] and the present study. For a specified class of collision events the highest-momentum hadron in each event falling within a restricted trigger p t interval is paired with each one of that fraction of the other hadrons falling within an associated p t interval. The hadron pairs meeting those trigger-associated p t conditions (cuts) are then used to construct angular correlations on 1D azimuth φ or 2D (η, φ). The trigger hadron is assumed (with some probability) to be a proxy for the leading parton of a jet, and some of the associated hadrons may be fragments of that jet. Based on certain strong assumptions a combinatoric background model function is subtracted from the sibling (same-event) pair distribution to isolate the nominal jet-related correlation structure [37] .
Although the terminology is similar and the goals are related (identify jet-related correlation structure) the details and results are quite different. The object of TA correlation analysis as described in Ref. [21] and the present study is MB jet-related correlation structure distributed on trigger and associated p t or y t with no restrictions on the hadron momenta. Thus, all MB jet structure is identified. The subtracted soft-component model is based on 1D spectrum analysis of p-p collision data where the complementary hard component has been quantitatively confirmed as representing all MB QCD jet structure.
In contrast, triggered-dihadron correlations include restrictive p t cuts that select only a small fraction of the MB jet structure. For instance, a typical cut combination is p t,trig ∈ [4, 6] GeV/c (y t,trig ∈ [4, 4.5]) and p t,assoc ∈ [2, 4] GeV/c (y t,assoc ∈ [3.3, 4]) [36] corresponding to a small rectangle at upper right in Fig. 12 (left panels) including a tiny fraction of the total MB jet fragments and corresponding to jet energies near 7 GeV according to Fig. 6 (left panel) . Angular correlations from MB jet fragments that survive such cuts are then subjected to so-called ZYAM (zero yield at minimum) background subtraction (assuming that there is no overlap of intrajet and interjet azimuth correlation peaks) that may remove a further substantial fraction of the surviving jet structure, biasing and distorting the result [37] .
E. Hard-component stability with varying n ch In Sec. III C the dijet production rate is n j ∝ n 2 s ≈ n 2 ch . Thus, charge multiplicity provides strong control of dijet rates and MPI. Typical p-p data volumes insure a usable factor 10 increase of n ch relative to NSD p-p collisions and therefore a factor 100 increase in the dijet production rate, from an average few-percent probability per NSD collision (within ∆η ≈ 2) to two or more dijets in each collision. In Figs. 11 and 12 there is a factor 9 increase in dijet rate between multiplicity classes n = 2 and 5.
If multiple dijets were coupled in some way (as some MPI scenarios suggest) we might expect to observe a quadratic dependence of coupling effects corresponding to the dijet production rate per event. No such dependence is evident in data. The TA hard (dijet) component is remarkably stable over a large dijet frequency range.
In Fig. 11 (right panels) we do see possible indications of selection bias due to the event multiplicity. For the lowest-multiplicity events the hard-component multiplicity of hard events is comparable to the soft-component multiplicity. The imposition of an event multiplicity constraint may then bias the hard component, and preliminary data in Fig. 11 (b) suggest that is the case: 2n assoc is nearly independent of y tt . For larger event multiplicities the hard-component fraction falls toward 10% and bias from the multiplicity constraint may be substantially reduced, as suggested by Fig. 11 (d) where 2n assoc (y tt ) follows the TA prediction from p-p FFs.
F. p-p TA data as a reference for dijets in A-A Analysis of yields, spectra and correlations from p-p collisions provides a testing ground for any theoretical description of soft and hard QCD processes. Improved understanding of QCD in p-p collisions should provide a more accurate reference for novel physics in A-A collisions and LHC searches for physics beyond the Standard Model. Current p-p issues include UE analysis and interpretation, dijet production and angular structure, the role of MPI, the relevance of p-p centrality, possible partonic collectivity in p-p and p-A collisions, Monte Carlo modeling and the TCM for hadron production. Although a major effort has been devoted to p-p measurements and theoretical analysis a number of issues remain unresolved.
Conventional p-p vs A-A comparisons of dijet production have been quite limited, for instance spectrum ratio R AA or dihadron azimuth correlations with triggerassociated p t cuts and ZYAM subtraction that typically access a small fraction of all jet fragments within a small fraction of momentum space [13, 37] . Such restricted comparisons are contrasted with MB analysis (no p t conditions) of yields, spectra and correlations in the TCM context where almost all jet fragments within a detector acceptance are addressed quantitatively [11] [12] [13] [14] [16] [17] [18] .
TA analysis as described in Ref. [21] further extends the p-p reference system for comparisons with similar analysis of A-A collisions. In previous work we established a pQCD context for the TCM of spectra and angular correlations in p-p and A-A collisions [11] [12] [13] 16] . In the present study we extend the pQCD description to jet-related hard components of TA correlations from p-p collisions. Follow-up TA analysis of p-A, d-A and A-A collisions may reveal changes in the TA TCM (and pQCD) description required to accommodate modified dijet production in larger collision systems.
XI. SUMMARY
The extent of dijet contributions to hadron production in high-energy nuclear collisions has been strongly questioned recently. Nominal jet manifestations in small as well as large collision systems have been reinterpreted as representing collective flows, the paradigm shift motivated in part by a priori assumptions about kinematic and theoretical limits on jet production as a QCD phenomenon. Resolving the apparent conflict between opposing interpretations requires a more complete reference for minimum-bias dijet production in p-p collisionsdirectly linked to measured in-vacuum jet propertiesthat can be applied to p-A, d-A and A-A collisions.
In previous studies certain features of hadron spectra and angular correlations from 200 GeV p-p collisions were related quantitatively to measured minimum-bias QCD jet systematics. A hadron spectrum hard component was predicted by convoluting measured parton fragmentation functions (FFs) with a measured minimum-bias jet spectrum. A hard component of 2D angular correlations was in turn related to the 1D spectrum hard component and thereby to QCD dijets. Complementary transversemomentum or -rapidity (symmetrized y t ×y t ) correlations also include a jet-related hard component, but a quantitative connection to QCD jets has not been established.
In a more-recent study we developed a two-component model (TCM) for trigger-associated (TA) correlations.
Asymmetric TA rapidity correlations on y ta × y tt are distinct from but closely related to symmetrized correlations on y t × y t . Subtracting the TCM soft component from measured TA correlations for p-p collisions should reveal a hard component representing all fragments from all jets appearing within some detector acceptance.
In the present study we distinguish a TA hard component representing triggered dijets from that for secondary dijets accompanying the triggered dijet (corresponding to multiple parton interactions (MPI). We derive a quantitative relation among TA hadron correlations, measured FFs and a MB jet spectrum. To establish a connection between TA hard components inferred from p-p collisions and jet measurements we first partition measured FFs from e + -e − and p-p collisions into trigger and associated components. We combine the trigger and associated FF components with a measured MB jet spectrum according to the probability chain rule and Bayes' theorem to define theoretical QCD (FF) predictions for p-p TA hard components. We then compare the FF predictions with preliminary TA data from 200 GeV p-p collisions.
We find quantitative agreement between measured TA correlations and TA predictions derived from measured p-p FFs and a MB jet spectrum inferred from p-p collisions. Predictions based on e + -e − FFs strongly disagree with the p-p TA data, challenging assumptions about FF universality. The discrepancy cannot be attributed to differences in jet-finding algorithms or to the p-p underlying event, since TA correlations include all fragments from all dijets within the acceptance. Kinematic lower bounds on dijet energy and fragment momentum inferred from these comparisons are substantially lower than conventional assumptions about dijet production in nuclear collisions and confirm a jet-spectrum lower bound near 3 GeV. From these TA results we confirm that most jet fragments are produced with p t < 2 GeV/c (y t ≈ 3.3).
TA correlations from p-p collisions combined with QCD predictions from the present study may further clarify the quantitative connection between QCD jets and measured MB spectrum and correlation structures. The TA hard component represents all jet contributions, not just a biased sample determined by imposed p t cuts and background subtractions. Relative to the trigger, distinct structures from secondary jets (MPI) may be compared with FF predictions. And, conventional assumptions about azimuth dependence invoked in underlyingevent studies may be tested. TA correlation analysis can be applied to p-A, d-A and A-A collisions to access MB dijet structure in those systems and test claims of collective motion (flows) as an alternative to dijet production.
This work was supported in part by the Office of Science of the U.S. DOE under grant DE-FG03-97ER41020.
Appendix A: Fragmentation functions
Reconstruction of isolated dijets from e + -e − collisions has provided accurate determination of in-vacuum jet properties for specific jet energies. Nonperturbative fragmentation functions (FFs) have been measured down to small hadron momenta [32, 45] and have been parametrized simply and precisely over a large jet energy range (3 to 200 GeV) [10] . Jet systematics in elementary p-p and composite A-A collisions are less certain.
Fragmentation functions derived from in-vacuum dijets have been described in terms of several kinematic variables, including scalar total momentum p [45] and longitudinal (along the dijet axis) momentum p z and transverse momentum p t [46] . The relation to the jet energy has been represented by momentum or energy fraction x p = p/p jet or x E = E/E jet and logarithmic measures ξ = log(1/x).
Measured FFs are derived from isolated (di)jets reconstructed within high-energy elementary collisions (e.g. e + -e − , p-p, p-p). Although the higher-momentum portions of high-energy FFs can be described by pQCD much of the distribution is not amenable to theory and must be measured. FFs are conventionally represented by quantity D β α (x|Q 2 ) where α and β represent hadron and parton types, x is the fragment momentum or energy fraction (of jet energy E jet ) and Q is the energy scale (dijet total energy 2E jet ).
In this study we employ rapidity variables y and y max as defined in Sec. II A to describe FFs, with D α (y|y max ) ≡ 2dn ch,j (y max )/dy, the fragmentmultiplicity rapidity density per dijet into 4π acceptance. The explicit factor 2 reminds that this quantity represents a dijet fragment multiplicity. As noted, subscript α in this study has values u (all unidentified-hadron fragments), t (trigger fragments) or a (associated fragments). The leading-parton type (light quark or gluon) is noted in the text as required.
FF parametrization of e
+ -e − data Figure 14 (left panel) shows measured FFs (points) for three dijet energies derived from e + -e − collisions by TASSO [32] and OPAL [45] . The data are of exceptional quality and extend down to low fragment momentum. When plotted on fragment rapidity y the FFs exhibit self-similar evolution with jet energy (y max ). The solid curves show the FF parametrization used in this study. Figure 14 (right panel) shows the self-similar data in the left panel plotted on scaled rapidity u = (y − y min )/(y max − y min ) with y min ≈ 0.35 (p ≈ 50 MeV/c) rescaled to unit integral. The solid curves are beta distributions with parameters p and q nearly constant over the large jet energy interval. The simple two-parameter description is accurate to a few percent within the jet energy interval 3 GeV (y max ≈ 3.75) to 200 GeV (y max ≈ 8). [10] . FF data for light-quark and gluon jets are separately parametrized, but the parametrizations for gluon and quark jets converge near E jet = 3 GeV. ) . The data over a large jet energy range and the full fragment momentum range are well described by a single beta distribution.
p-p vs e
+ -e − FF comparison
There are substantial differences between in-vacuum dijets from e + -e − collisions and event-wise reconstructed jets from p-p or p-p collisions. Accommodation of those differences is critical for quantitative comparisons between FFs and p-p spectra and correlations. Figure 15 shows parametrizations of an ensemble of FFs for gluons from e + -e − collisions (left panel) compared to quarks from p-p collisions (right panel) [10] . The two systems represent limiting cases for this study. The gluon FF modes on y are significantly lower and the fragment yields substantially larger because of the larger color charge. The FF mode on momentum p for highenergy jets shifts by more than a factor 2 between the two cases. The measured FFs for p-p or p-p collisions appear to be cut off near y = 1.5 (≈ 0.3 GeV/c) whereas those from e + -e − collisions follow the parametrization down to a much smaller cutoff at y min ≈ 0.35. Figure 16 (left panel) shows FFs derived from p-p collisions by the CDF collaboration (points) using an eventwise jet-finder method [48] . Comparison with the e + -e − parametrization (dashed curves) indicates that a substantial fraction of dijets may be missing from p-p FFs at lower fragment momentum. We conjecture that some low-momentum part of the p-p dijets may be excluded from the mid-rapidity angular acceptance due to longitudinal transport, as discussed in Ref. [13] Sec. XIII-C. Figure 16 (right panel) shows ratios of p-p FFs in the left panel to equivalent e + -e − parametrizations illustrating the differences. The solid curve is tanh[(y − 1.5)/1.7] which describes measured p-p FFs relative to e + -e − FFs for dijet energies below 70 GeV. That combination is used to represent p-p FFs for this study.
Observed jet fragment yields from 200 GeV NSD p-p collisions [16] can be compared with expectations from e + -e − FFs [10] . The most probable jets in p-p collisions Ref. [48] . The solid curves represent the p-p FF parametrization from Ref. [13] . Dijet energies are specified. The dashed curves are from the e + -e − parametrization of Ref. [10] for comparison. Right: The ratio of p-p to e + -e − parametrizations (curves) and p-p data to e + -e − parametrization (points) from the left panel. The solid curve tanh[(y − 1.5)/1.7] describing dijets below 70 GeV is used in the present study.
have E jet ≈ 3 GeV (minijets). For NSD collisions we observe dn h /dη = 0.005 × 2.5 2 ≈ 0.03 from Eq. (5) and f N SD ≈ 0.025 leading to mean dijet fragment multiplicity 2n ch,j ≈ 2 from Eq. (8) . That value can be compared with 2n ch,j (y max ) ≈ 5 for e + -e − dijets in Fig. 4 (b) with y max = 3.75 (E jet = 3 GeV). Thus, measured 3 GeV p-p dijets include approximately 40% of e + -e − dijet fragments. As noted in Sec. X B such results call into question conventional assumptions about FF universality.
and SppS below 1 TeV beam energy has lead to a simple parametrization based on rapidities [19] . The beam rapidity relative to pion mass is y b ≡ ln( √ s/0.14 GeV), y b0 ≡ ln(Q 0 /0.14) with Q 0 ≈ 10 GeV determined by jetrelated correlation trends and y m0 = ln(2E cut /0.14). We then define ∆y b = y b − y b0 , ∆y max = y b − y m0 and normalized rapidity u = (y max −y m0 )/∆y max . The resulting parametrized parton spectrum conditional on beam rapidity is d 2 σ j dy max dη = p t d 2 σ j dp t dη (B1) = 0.026∆y with σ u ≈ 1/7 and E cut ≈ 3 GeV determined by data. Figure 17 (left panel) shows jet production data for several beam energies (points) compared to Eq. (B1) (solid curves). The cross-section data for a broad range of collision energies are described accurately down to E jet ≈ 3 GeV where jet production via charged hadrons apparently terminates due to kinematic constraints. 
FIG. 17:
Left: Measured jet spectra from p-p collisions (points) for several collision energies below 1 TeV. The solid curves through data were generated by Eq. (B1). Right: The data from the left panel normalized to unit integral and plotted on normalized rapidity u = (ymax − ym0)/(y beam − ym0). Figure 17 (right panel) shows the data from the left panel normalized according to the y-axis label and plotted vs normalized rapidity u. The data fall on a common Gaussian locus as in Eq. (B1), a manifestation of spectrum self-similarity when plotted on a rapidity variable. That result can be compared with Fig. 14 (right panel) where a similar self-similarity is exhibited by fragmentation functions.
The jet frequency f N SD ≡ (1/σ N SD )dσ j /dη required to relate jet manifestations in p-p collisions to FF data is determined as follows. The jet spectrum integral is dσ j dη = 0.026∆y
and the NSD cross section at 200 GeV is σ N SD ≈ 34 mb [12, 47] . For 200 GeV p-p collisions the ratio corresponds to f N SD ≈ 0.029. Given the stated systematic uncertainties for the SppS jet cross sections we adopt 200 GeV f N SD ≈ 0.025 ± 0.005 for this study.
We have used two parton spectrum models to relate measured dijet FFs to the spectrum hard component from p-p collisions. In Ref. [13] the power-law spectrum model varied as 1/E
5.75
jet with a lower bound at E jet,cut ≈ 3 GeV (y max,cut ≈ 3.75) integrating to dσ j /dη ≈ 1.2 mb. In the present study the Gaussian model of Eq. (B1) developed in Ref. [12] is cut off at E jet,cut ≈ 2.5 GeV (y max,cut ≈ 3.55) and integrates to dσ j /dη ≈ 0.85 mb. While the Gaussian model describes jet spectra over a large range of jet and p-p-collision energies the power-law shape near the spectrum lower bound may be more appropriate based on results in Sec. VIII.
